Ten point mutations in ␥-actin currently have been identified as causing progressive autosomal dominant nonsyndromic hearing loss (DFNA20/26) in humans (1) (2) (3) , indicating that these mutations in some way disrupt actin function. The ability of the auditory hair cell to transduce sound into nerve impulse is critically dependent upon its internal actin cytoskeleton, and thus disruption of the actin structure could lead easily to deafness. Pathogenic effects are likely caused by alteration of the actin structure itself or by changes in actin network regulation by actin binding proteins (ABPs), 2 or potentially a combination of both. However, exactly how these mutations lead to deafness is currently unknown. We have thus chosen to investigate the effects of the DFNA20/26 mutations on actin function and regulation as a means to provide further understanding of actin structure and dynamics as a whole, both in deafness and in larger contexts throughout the body. Two of the deafness-causing mutations, K118M and K118N, are located in an outward-facing and solvent-accessible residue which lies within subdomain 1 of the actin monomer (Fig. 1 ). This region of the protein is believed to be important for interactions between actin and its regulatory proteins, suggesting that the Lys-118 mutations may affect actin regulation as opposed to polymerization alone. Our initial results from previous studies supported this idea, indicating that the purified mutant actins polymerize similarly to WT actin in the absence of ABPs (3, 4) . We thus hypothesized that characterization of the regulatory defect(s) caused by these mutations could provide detail into how the ABPs interact with actin.
As a first step, it was necessary to narrow the pool of Ͼ100 known ABPs to those most likely to be affected by the Lys-118 mutations. The Arp2/3 branch model reported by Goley et al. (5) indicated that Lys-118 is located very close to the putative binding site for the Arp2/3 complex, and we therefore hypothesized that the residue may be involved in Arp2/3 binding to the actin filament. This interaction is depicted in Fig. 2 , kindly contributed by David Sept at the University of Michigan, highlighting our residue of interest. Based upon these preliminary observations, we concluded that the Arp2/3 complex was a good first candidate for our attention. Arp2/3 is a ubiquitously expressed seven-protein complex that mediates the growth of a new "daughter" actin filament from the side of an existing "mother" filament to form a branch (6) . Such Arp2/3-dependent branching plays a critical role in force generation for a wide variety of cell processes, including cell motility, endocytosis, and ciliogenesis, making it an additionally attractive subject for our study due to its broad importance within the cell.
Hair cells can neither be removed from affected deafness patients nor cultured as a stable, differentiated cell line, and small animal models capable of producing biochemically significant amounts of pure mutant actin are not available. Therefore, we have introduced the K118(M/N) point mutations into actin from the budding yeast Saccharomyces cerevisiae as a model for our investigations. Although yeast actin is not identical to human ␥-actin and thus may not behave identically, the two actins are 91% homologous, and all mutation sites are conserved (7) . In addition, many of the same actin binding proteins that regulate actin networks in humans are also conserved in budding yeast (8) , allowing for more extensive comparison of in vivo systems. One of the most significant advantages to this system, however, is that because yeast produce only one actin isoform, it is possible to obtain pure samples of mutant actin for in vitro biochemical analysis by replacing the WT actin with mutant actin. Such purification is impossible with mammalian non-muscle cells: they contain both ␥-and ␤-actin, and the isoforms differ by only four biochemically similar amino acids at their N terminus, making it virtually impossible to separate them in active form.
Previously in our laboratory, we created two yeast strains expressing either K118M or K118N mutant actin as the sole actin in the cell. We then assessed the effects of these mutations on actin-dependent cell processes, including organelle function and growth on a variety of media (3, 4) . In this paper, we have continued our investigation by observing actin cable dynamics in vivo. We then isolated the mutant actins and used both bulk solution assays and TIRF microscopy to assess the effects of the mutations on actin polymerization and Arp2/3-dependent branching.
EXPERIMENTAL PROCEDURES
Cytology-We visualized actin cable dynamics using 3XGFP-ABP140 in a manner similar to that published previously by Yang and Pon (9) with modifications. We used early log phase cells co-expressing 3XGFP-tagged ABP140 grown in YAPD medium (YPD-rich medium plus 60 mg/liter adenine hemisulfate). Movement of GFP-ABP140-marked cables was monitored using an Olympus IX81 inverted microscope with a PlanApo 60 ϫ 1.45 oil immersion TIRF lens and Hamamatsu ORCA-R camera. Serial TIRF images of each cell were recorded for 30 s at a rate of 0.15 s/frame by Slidebook5 (3i Inc., Denver, Co.). We observed actin cables in a similar number of cells for WT, K118M, and K118N yeast. Images subsequently were enhanced for clarity using ImageJ (10); however, we were unable to track movement of mutant actins, as the ends of cables in both mutant cell types were not visible and the cables themselves appeared mostly non-motile.
Actin Purification-Yeast cakes for WT actin preparations were purchased from a local bakery. Mutant yeast strains were created as described previously (3, 4) . WT and mutant actins were purified as published previously (3, 4, 11) with the exception that a 1 M NaCl wash solution was used instead of 0.6 M NaCl for the DNase I column wash. Briefly, actin was purified from clarified cell lysate via DNase I affinity chromatography (DNaseI, grade D, from Worthington was conjugated to AffiGel 10 from Bio-Rad), DE52 anion exchange chromatography (Whatman), and polymerization/depolymerization cycling as described previously (11) . The concentration of the globular actin (G-actin) was determined by measuring A 290 nm using ⑀ 290 nm ϭ 25,600 m Ϫ1 cm
Ϫ1
, and the actin was stored in G buffer (10 mm Tris-HCl, pH 7.5, 0.2 mm CaCl 2 , 0.1 mm ATP, and 0.1 mm DTT) at 4°C for no more than 4 days.
Yeast Arp2/3 and N-WASP Purification-Protein Atagged yeast Arp2/3 was expressed and prepared from the RLY1945 yeast strain (from Dr. R. Li, Stowers Institute) as described previously (12) . Briefly, cells were grown to early log phase, harvested, and lysed using a glass bead beater (Biospec). Protein A-tagged yeast Arp2/3 was affinity-purified by IgGSepharose affinity chromatography (Amersham Biosciences) and digested with recombinant tobacco etch virus to remove the protein A tag. Yeast Arp2/3 was further purified on a Source fast flow anionic exchange column (Amersham Biosciences). The preparations were analyzed by SDS-PAGE and visualized by Coomassie Blue staining to assess purity. Purified yeast Arp2/3 fractions were then divided into single-use aliquots, flash-frozen in liquid nitrogen, and stored at Ϫ80°C in 10% glycerol and 0.2 mM ATP. GST-N-WASP was overexpressed in Escherichia coli from plasmids provided by Dr. H. Higgs at Dartmouth University. Recombinant protein was purified by glutathione affinity chromatography (Amersham Biosciences) as described (13) and further purified by Source fast flow anion exchange chromatography (Amersham Biosciences). The preparation quality was checked as described above for yeast Arp2/3.
Polymerization Assays-Samples of either 5 M or 2.5 M unlabeled G-actin were polymerized alone or with the addition of 50 nM yeast Arp2/3. Polymerization was initiated by the addition of MgCl 2 and KCl to final concentrations of 2 and 50 mM, respectively. For N-WASP studies, 1 M actin samples were polymerized with 25 nM yeast Arp2/3 (yArp2/3) and 200 nM N-WASP with polymerization initiated as above. Actin concentration was reduced to 1 M for assays with N-WASP to facilitate observation of differences in actin polymerization; the previous conditions polymerized too rapidly to provide meaningful data. As before, the subsequent change in light scattering was recorded as a function of time. All polymerization assays were performed in a final volume of 120 l in a microcuvette housed in a thermostat-controlled sample compartment of a FluoroMax-3 spectrometer (Jobin Yvon-Spex) using 360 nm for both excitation and emission wavelengths. All experiments were repeated at least three times using a minimum of three different actin preparations with similar results. Elongation rates were determined from the slope of a line fit to at least four data points comprising the linear elongation phase of the polymerization curves.
TIRF Microscopy-Purified actin for TIRF microscopy was labeled at Cys-374 during the cycling stage of purification. Aliquots of purified actin were polymerized for 2 h at 25°C in the presence of either Oregon Green® 488 maleimide (Invitrogen) or N␣-(3-maleimidylpropionyl) biocytin (Molecular Probes®) at four times the concentration of the actin. Labeling efficiency of Oregon Green was measured as a ratio of the absorbance of Oregon Green (A 491 ) to actin (A 290 ); biotinylation efficiency was assumed to be 100%. A 10 M TIRF actin mix was prepared as a solution of 33% Oregon Green-labeled G-actin, 5% biotinylated G-actin, and 62% unlabeled G-actin. TIRF reactions without yArp2/3 were prepared by combining 1 M TIRF actin with 2ϫ TIRF buffer (1ϫ: 10 mM imidazole, pH 7.4, 50 mM DTT, 1 mM MgCl 2 , 0.1 mM ATP, 20 g/ml glucose oxidase, 0.5% methyl cellulose) (14) . Reactions containing yArp2/3 were prepared similarly; however, 25 nM yArp2/3 was added to the mixture, and 0.75 M actin was used instead of 1 M actin to allow for clearer visualization of branching. Flow cells were prepared as described previously (15) and incubated for 10 min with 100 nM avidin prior to loading. Actin filament polymerization was visualized using an Olympus IX81 inverted microscope and Hamamatsu camera as described above. Images were captured every 10 s for ϳ10 min to record the progression of filament growth. The collection of images was then adjusted for contrast and clarity using ImageJ software, and branches and filaments were counted manually every fifth frame of each time course. The number of branches was then divided by the number of filaments to obtain a branch to filament ratio, which was then plotted over time.
To support manual branch counts, overall percent area of the slide covered by filaments was calculated using ImageJ software, as the area of the slide covered by filaments appeared to correlate with the number of branches formed. To calculate percent area, we first applied a threshold to the images using the MultiThresholder plugin of ImageJ to convert all images to binary black/white. We then calculated percent area of white pixels for each frame of the image sequence and plotted these percentages over time to obtain the graphs presented herein.
To quantitate whether branching was occurring on the barbed versus pointed end of the filament, we divided 50 filaments at least 2 M in length in half and tallied the number of branches that occurred either on the barbed half or the pointed half of the filament. This number was then divided by 50 to determine the percentage of filaments branching from the barbed end.
RESULTS
Our earlier work demonstrated that, in yeast, the K118M mutation caused a much more strikingly abnormal phenotype in vivo than the K118N mutation: K118M cells displayed abnormal mitochondria and suffered from a severe growth defect even on YPD medium, as well as on glycerol (4) and NaCl (data not shown). In sharp contrast, however, K118N cells appeared similar to WT cells both in terms of mitochondrial morphology and growth phenotype on glycerol, although K118N yeast did display a significant growth defect on hyperosmolar medium (3). As a first step to establish a basis for this difference, we examined actin cable dynamics in vivo, which often display aberrant phenotypes when actin regulation has been altered. To visualize cables, we expressed an ABP140-GFP fusion protein in wild type, K118M, and K118N cells. ABP140 is a nonessential ABP that localizes specifically to actin cables, and the binding of GFP-tagged ABP-140 to actin allows for live visualization of cable movements using fluorescence microscopy (9) . Various characteristics of the cables such as overall cable organization and movement can then be assessed.
As can be observed in Fig. 3 , WT yeast display polarized cables focused primarily along the mother-to-bud cell axis with an additional few cables attached to the sides of the cells in a more random orientation. In contrast, cables were difficult to detect in K118M cells, with approximately only 10% of cells displaying clearly defined cables of any sort. When cables were visible, they created a random, fragmented meshwork with no dominant polarity from mother to bud. The K118M cables also FIGURE 3. ABP140-GFP labeling of actin cables in live yeast cells. WT cables appear predominantly polarized from mother to bud. K118M cables are fragmented and lack any dominant orientation, resulting in a meshwork of cables. K118N actin cables appear to maintain some mother-to-bud polarity; however, they are still notably more disorganized and random than WT cables.
appeared more static than those of WT yeast cells, with less movement than observed in WT cables. These results suggest a defect in actin regulation in K118M mutant cells.
The K118N cells appeared significantly more like WT cells than their K118M counterparts. Cables were clearly visible in almost all cells, and polarity was somewhat focused along the mother-to-bud cell axis. However, the cables appeared less dynamic than WT, and due to a lack of distinct markers to track, such as cable ends, we were unable to measure rates of cable movement. Virtually all cells also displayed a lack of organization, with many random cables initiating from the sides of the cells and not running along the mother-to-bud axis. These results indicate there is an effect on actin regulation in K118N cells, but it is substantially less severe than that observed in the K118M cells. The severity of the cabling phenotypes is also consistent with the observed growth phenotypes in that K118M cells display a significantly more severe phenotype than K118N cells.
The works of Cooper and co-workers (16) and Borisy and co-workers (17, 18) suggest that Arp2/3 may be involved in actin cabling dynamics, and because Lys-118 is located near the putative Arp2/3 binding site (5), we next chose to examine the effect of the mutations on Arp2/3-dependent branching. We began our in vitro analyses by polymerizing purified WT, K118M, and K118N actins in the absence of ABPs using light scattering as a measurement. Elongation rates were then determined by the slope of the linear elongation phase of the resulting polymerization curve. As we reported previously, the K118M mutant actin polymerized identically to that of WT (4), with a rate of 2.7 a.u. per sec. for both WT and K118M, based on polymerization of 2.5 M actin (Fig. 4) . The K118N actin polymerized over twice as fast as WT actin, with a rate of 6.2 a.u./s at 2.5 M concentration. Nevertheless, the final extent of polymerization was approximately the same for all three actins. The lack of a severe polymerization defect caused by the mutations was consistent with our hypothesis that the deafness-causing defects are due to problems in regulation and not polymerization of the actin alone.
To investigate how the Lys-118 mutations may affect regulation by Arp2/3, we polymerized 2.5 M samples of the purified actins in the presence of 25 nM purified yArp2/3 (Fig. 5A) . One significant advantage of using yArp2/3 as opposed to a mammalian variety is that the yeast complex does not require activation by another protein such as N-WASP (12), allowing us to directly assess the effects of the mutations on the yArp2/3-actin interaction. Addition of yArp2/3 to WT yeast actin results in a shortened nucleation phase followed by a rapid increase in light scattering (Fig. 5B) . The rate of the elongation phase of WT ϩ yArp2/3 was 8.2 a.u./s, 3-fold faster than in the absence of Arp2/3. In contrast, K118M actin with yArp2/3 is marked by an extended nucleation phase and a slightly slower elongation phase compared with WT ϩ yArp2/3 (Fig. 5C ). The rate of the elongation phase was 5.2 a.u./s, slightly under a 2-fold increase in elongation rate compared with polymerization of the actin alone. Because polymerization of the two actins in the absence of yArp2/3 was virtually the same, the slower elongation rate for K118M ϩ yArp2/3 compared with WT ϩ yArp2/3 clearly demonstrates an Arp2/3-dependent polymerization defect. These results are summarized in Table 1 .
We then repeated the same experiment with K118N actin. With the addition of yArp2/3, the mutant actin continued to nucleate faster than WT actin, just as in the absence of yArp2/3 (Fig. 5A) . However, the elongation rate for K118N ϩ yArp2/3 was dramatically slower than WT ϩ yArp2/3, with a rate of 5.6 a.u./s, compared with 8.2 a.u./s for WT. Even more notable, this elongation rate is 10% slower than for K118N actin alone (Fig. 5D ). Though polymerization of K118N actin with and without Arp2/3 appeared very similar, the minor differences observed were highly repeatable. This surprising result indicates that Arp2/3 may actually inhibit K118N actin polymerization; at the very least, it fails to stimulate elongation. It can thus be argued that the K118N mutation causes a more severe Arp2/3-dependent polymerization defect than K118M. However, notably, the K118N actin still has an elongation rate slightly higher than K118M actin with yArp2/3: K118M actin displays an elongation rate 37% slower than WT ϩ yArp2/3, and K118N actin displays an elongation rate 33% slower than WT ϩ yArp2/3. Because Arp2/3 never functions in vivo without an activator protein to facilitate its function, we next asked whether the defects we observed in polymerization rate could be rescued by the addition of the Arp2/3 activator N-WASP. We subsequently polymerized 1 M samples of WT, K118M, and K118N actins in vitro with 25 nM yArp2/3 ϩ 200 nM N-WASP (Fig. 6) . Consistent with our assays containing only actin ϩ yArp2/3, the K118M and K118N actins displayed a slower rate of elongation (3.8 and 4.0 a.u., respectively) compared with WT (5.0 a.u.). Notably, the final extent of light scattering for K118N actin was higher than for the other two actins. This was a con- sistently repeatable result over multiple N-WASP concentrations, and further experiments will be required to determine whether this is caused by bundling, altered critical concentration, increased final extent of branching, or a combination of these possibilities. Nevertheless, our results clearly demonstrate that the Arp2/3-dependent defect observed with the mutant actins is not rescued by the addition of N-WASP, and in doing so, they support our hypothesis that the defects we observe in vitro are relevant in vivo.
Although our light scattering results indicate that the Lys-118 mutations cause Arp2/3-dependent polymerization defects, these assays report the bulk behavior of the entire actin filament population and do not reveal whether the defect is due to reduced branching, increased fragmentation, etc. We thus re-examined the effects of the K118M and K118N mutations on Arp2/3 regulation using TIRF microscopy, which allows for visualization of single-filament behavior. When assessed in this manner, there was little difference between the polymerization of WT and K118M actins in the absence of yARP2/3, comparable with what we observed in bulk assays (Fig. 7) . However, when 0.75 M actin was polymerized in the presence of 25 nM yArp2/3, branching of the mutant actin occurred much more slowly than it did for WT actin, particularly over the first 5 min. After 250 s, branching was apparent in WT actin; however, K118M actin showed almost no branching whatsoever. After 500 s, WT actin had formed clusters of densely branched filaments, and very few filaments appeared to have no branches. In contrast, K118M actin showed almost no clustering, there were still far fewer branches than WT, and many filaments appeared to have no branches whatsoever. 
TABLE 1 Summary of in vitro kinetic data for purified WT and mutant actins
All actin concentrations were 2.5 M except for assays with N-WASP, which were performed with 1 M actin. One of the most striking characteristics we observed from these TIRF images, however, was an apparent change in the predominant location of branch formation from the mother filament (Fig. 8) . With WT actin, 82% of branches formed from the barbed-end half of the mother filament. In contrast, with K118M actin, only 30% of the branches occurred in the barbedend half of the filament: 70% of branches formed from the pointed-end half of the filament.
Strain
Somewhat surprisingly, we could not derive meaningful kinetic data from the K118N mutant using TIRF microscopy, as the biotin and Oregon Green labeling required for visualization, for an unknown reason, caused a distinct decrease in polymerization rate, both in light scattering and under the microscope. We were still able to observe branches with this mutant actin in the presence of yArp2/3 (Fig. 9) , although far fewer branches formed than for WT. Because the light scattering polymerization curves of purified K118N actin with and without yArp2/3 were so similar, these TIRF results allow us to conclude that yArp2/3 is indeed able to bind to and form branches from K118N actin, supporting our conclusion that the difference in polymerization between K118N actin with and without yArp2/3 is indeed real.
To quantitate branching in K118M and WT actins, we manually counted filaments and branches on every fifth image of the acquired image sequences. We then divided the number of branches by the number of filaments on the slide to obtain a branch per filament ratio, which we plotted over time to obtain the curve presented in Fig. 10A . WT actin ϩ yArp2/3 began forming branches ϳ3.5 min post initiation of polymerization. Consistent with previous reports (19 -21) , branching in WT actin showed a noticeable bias for developing at the barbed end of the filament, with newly forming branches developing from the barbed half of the filament in 82% of filaments. Branches also quickly began forming on established branches, resulting in a dense meshwork of actin. In contrast, K118M actin began forming branches notably later, ϳ5 min post initiation, and there were fewer total branches formed per filament. Interestingly, K118M actin also tended to develop branches toward the pointed end of the filament: 70% of branches formed on the pointed end of the filament, compared with only 18% for WT. In addition, few new branches ever formed on already established branches for K118M actin, which, combined with the reduced total number of branches, resulted in an apparent lower overall filament density.
Although manual branch counting was performed according to a strict protocol to minimize bias, it is both subject to human error and extremely time consuming. For this reason, we sought to develop a simple, computer-based means of estimating branching. As noted above, WT and K118M actins appeared to differ in overall density of actin filaments on the slide, and this difference appeared to correlate with the total number of branches that formed. We therefore hypothesized that if we developed a means to quantitate the difference in density, this would in turn provide an estimate of the amount of branching that is occurring. As a simple means to quantitate this difference, we determined the percent area of the slide covered by filaments and plotted this percentage over time to produce the graphs presented in Fig. 8, B and C. These results were then compared with the results obtained via hand counting. The percent areas of filaments for slides without yArp2/3 were nearly identical for both WT and K118M actins. However, with the addition of yArp2/3, percent area covered by K118M filaments was notably lower than for the WT filaments, closely mirroring the results obtained via manual counting, particularly during the early phase of polymerization. As the number of filaments on the slide increase and those filaments continue to elongate, this method loses resolution, limiting its effectiveness to approximately the first 5 min of polymerization. Nevertheless, these results support our manual counting data and affirm that the observed differences in density are due to differences in FIGURE 7 . TIRF microscopy images of WT or K118M actins polymerized in the absence or presence of 25 nM yArp2/3. WT and K118M filaments appear similar without yArp2/3, but K118M actin displays a noticeable reduction in branching after the addition of yArp2/3.
Arp2/3-dependent branching. In addition, they also validate this approach as a more time-efficient method of assessing Arp2/3-dependent action in vitro.
DISCUSSION
Of the deafness-causing actin mutations described to date, the two mutations occurring at Lys-118 present the only case in which different mutations arise at the same site, Met in one family and Asn in the other. These two substitutions, located on the exterior of the protein with their side chains facing outward, produce very different effects in vivo in yeast. The K118M cells grow poorly even on normal YPD medium and display numerous other forms of dysfunction. The K118N cells, however, behave much like WT cells. Nevertheless, both mutations lead to a significant phenotype in humans (deafness). We thus continued to characterize the effects of the K118(M/N) mutations in vivo and in vitro in an effort to better understand how they alter actin regulation and dynamics.
To extend our previously published in vivo characterizations, we began by observing the behavior of the actin in living cells expressing GFP-ABP140 as a marker of actin cables. K118M cables were rarely visible, and those that were visible were extremely fragmented and disorganized. In contrast, K118N cells displayed cables that appeared similar, although not identical, to WT cables, suggesting only a minor cabling defect. The severity of these results are consistent with the severity of the other in vivo phenotypes observed. Most importantly, however, the presence of cabling defects indicate that there is indeed a defect in actin regulation. Because Arp2/3 may be involved with actin cable initiation and Lys-118 may be near a contact site on the actin filament for the Arp2/3 complex, we proceeded to test whether Arp2/3-dependent branching might be affected by the Lys-118 mutations.
As we published previously, when K118M actin was polymerized alone, it displayed essentially the same kinetics as WT actin (4) . The K118N actin, however, polymerized noticeably faster than WT, whereas previously, we reported at best a slight increase in polymerization rate (3) . Subsequent studies (data not shown) revealed that this difference was most likely due to a low molecular weight contaminant in our original Asn preparations that could be removed by a more stringent 1 M salt wash while the actin was bound to the DNase I agarose column during purification.
The increased rate of nucleation and polymerization observed in K118N actin likely indicates that Lys-118 plays some role either within the actin monomer or with monomermonomer interactions. There are at least five other known disease-causing mutations in other actin isoforms in the same ␣-helix in which Lys-118 is located (22) (23) (24) (25) , which further emphasizes the structural importance of this region on actin function. The helix spans a region from the outside of the monomer (Fig. 1) , which includes the binding site for Arp2/3, to the interface between subdomain 1 of the M2 monomer and subdomain 4 of the M3 monomer. Based on the structural model of Oda and Maéda (26) , Lys-118 appears to be oriented in the helix such that it is within the standard Visual Molecular Dynamics 3.2 Å cut-off to form a salt bridge with Gln-121 (Fig. 11) (27) . It is therefore possible that an interaction between Lys-118 and Gln-121 stabilizes the helix, which could have larger effects that propagate throughout the entire actin monomer or even disrupt interactions between monomers. It is also possible that Lys-118 does not normally interact, or only interacts weakly, with Gln-121, but that mutation from Lys to Asn causes a new, or stronger, interaction to form. There is some evidence that a Q-N interaction is particularly stabilizing in ␣-helices (28) , and such a scenario could account for why the K118M actin polymerizes like WT; it would be unable to form such an interaction, whereas the K118N actin nucleates and polymerizes substantially faster than WT. Although beyond the scope of this study, elucidation of the role of this region of the actin monomer on actin function provides a promising direction for future structural investigations.
Assessment of the effect of the Arp2/3 complex on bulk solution polymerization behavior yielded interesting and somewhat surprising results. Arp2/3 enhanced the rate of polymerization of the K118M actin but to a lesser extent than WT actin. Surprisingly, however, addition of Arp2/3 to the K118N actin actually slowed the rate of polymerization of the actin compared with WT, possibly due to capping of the filament barbed end by the Arp2/3 complex. This inhibition was particularly surprising considering the asparagine should have been much closer in terms of polarity to the original lysine than the methionine. Because K118N actin polymerizes notably faster than WT actin in the absence of Arp2/3, the fact that it polymerizes slower than WT with Arp2/3 indicates an overall greater decrease in polymerization rate than is observed with K118M actin. Nevertheless, the K118N actin with yArp2/3 displayed an intermediate phenotype between the K118M and WT actins, which would be consistent with what we would expect based on polarity of the mutated residues alone. It is thus possible that whatever causes the increased rate of polymerization of K118N actin without Arp2/3 is somewhat negated with the addition of Arp2/3.
Visualization of K118M actin at the single-filament level using TIRF microscopy produced additional surprises. Consistent with our bulk solution studies, the K118M mutation caused a significant lag in the onset and frequency of Arp2/3-dependent branching over the first 5 min of the reaction. At later times, this difference seemed to disappear, but the high density of the actin network at later time points made it extremely difficult to distinguish branches and the filaments from which they originated. The observed decrease in branching is likely due to either decreased binding of the Arp2/3 complex to the mother filament or decreased activation of the Arp2/3 complex once bound, or a combination of both. Pfaendtner and co-workers (29) very recently identified Lys-118 as one of several residues that appears to form a salt bridge between actin and the Arp2/3 complex, and thus mutation of Lys-118 to Met or Asn would likely weaken this interaction. However, it remains unclear whether the affected interaction is between the mother actin filament and the Arp2/3 complex or between the Arp2/3 complex and the incoming monomers that form the daughter branch. One of the most noteworthy results of this study related to the position of branching as observed via TIRF microscopy. In our work, with WT actin, Ͼ80% of the branches occurred in the rapidly polymerizing barbed-end half of the mother filament, consistent with previous reports (19 -21) . In sharp contrast, with K118M actin, only 30% of the branches occurred in the barbed-end half of the filament: 70% of branches formed from the pointed-end half of the filament. There are two clear possibilities for this result: 1) it is possible that the Arp2/3 complex binds the mutant actin in the same manner as the WT, but that activation of the complex and subsequent propagation of the branch is somehow delayed. As the filament continues to elongate, by the time the branch has formed enough to be visualized, it is already localized toward the pointed end of the growing filament. 2) It is also possible that the mutation somehow alters the topology of the filament to affect the position of Arp2/3 attachment.
It is well known that following the initial polymerization of actin, conformational maturation of the filament occurs. Aebi and co-workers (30 -32) first presented evidence for this based on covalent cross-linking and on an initial fuzzy filament appearance under EM that gradually converted to a more normal smooth surface. Egelman and co-workers (33, 34) , using optical reconstruction of cryo-EM images, showed that the filament could exist in a number of conformations based on the twist and openness of the nucleotide cleft of monomers in the filament. They proposed that following polymerization, there were alterations both in the twist within the monomer and the size of the nucleotide cleft that led to the final filament conformational state. It is therefore possible that the chemical nature of the K118M mutant residue alters local filament surface conformation such that the preferred Arp2/3 binding site is now in the more mature area of the filament. If such a conformational change is altering the preferred binding location for Arp2/3 on the actin filament, these results will provide new and valuable insight into how filament conformation influences Arp2/3 binding. However, at the present time, resolution of the question is beyond our ability.
Our in vivo cabling data indicate that actin regulation is clearly affected by the K118M and K118N mutations. In yeast, multiple pathways exist for initiating cable formation, some of which include the involvement of Arp2/3, though the effect of the actin mutations on a non-Arp-dependent pathway may be more functionally significant. Nevertheless, our study does demonstrate experimental evidence of the predictions made from modeling studies concerning the actin-Arp2/3 interaction. It indicates both with TIRF and bulk solution studies that alterations at Lys-118 differentially affect Arp2/3-dependent nucleation of actin filament formation, and it demonstrates for the first time that an actin mutation can affect the site of branch formation on a growing filament. These findings will provide a valuable starting point for determining how filament conformation affects Arp2/3-dependent actin branching.
